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EXPERIMENTAL  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE 
FROM  0.28  to  2.5  pirn  AND  CALCULATION  OF 
SOLAR  ARSORPTANCE 


The  directional-hemispherical  reflectance,  pg(A),  in  the  ultraviolet,  visible,  and  near- 
infrared  is  required  in  this  work  for  two  purposes:  (1)  to  determine  the  solar  absorp- 
tance  (as  [\]  + pg  [X]  = 1),  and  (2)  to  provide  the  total  value  of  the  reflected  energy  to 
put  the  bidirectional  reflectances  in  absolute  terms,  as  noted  in  Annex  III. 

The  Cary  Model  14  spectrophotometer  with  specially  designed  transfer  optics  and  a 
Convair-designed  and  built  integrating  sphere  was  used  for  the  directional  reflectance 
measurements  from  0.28  to  2.5/im.  A schematic  representation  appears  in  Figure  1-1. 


LEAD  SULFIDE 

PHOTOTUBE  0ETECT0R 


The  spectrometer  is  a double-beam  instrument  with  automatic  scan  and  readout  that 
Is  linear  in  wavelength.  The  double  monochromator  contains  a grating  in  series  with 
a fused  silica  prism  and  the  errors  due  to  stray  light  are  negligible.  With  the  sphere 
attachment,  scans  between  0.  28  to  2.  5 pm  are  possible. 
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The  integrating  sphere  consists  of  a !Mn.  -diameter  sphere  coated  on  the  inside  with 
a thick  layer  of  MgO.  The  sample,  located  at  the  center,  is  uniformly  irradiated  by 
the  MgO  surface.  This  uniform  irradiation  is  obtained  by  focusing  the  light  from  a 
1,000-watt  < :i,  100K)  Sun  Gun  lamp,  and  a 250-watt  Xenon  lamp  onto  a curved  MgO  dif- 
fuser on  the  back  of  the  sample.  The  diffuser  scatters  the  light  to  the  part  of  the 
sphere  behind  the  sample  which,  in  turn,  scatters  the  light  to  the  hemisphere  seen  by 
the  sample.  Thus,  a uniformly  irradiated  hemisphere  of  2v  sr  is  created  over  the 
sample.  One  spectrometer  beam  o iginates  from  the  sample  (1),  the  other  from  the 
MgO  wall  (I,,).  The  ratio  of  these  two  beams  is  the  directional -hemispherical  reflec- 
tance of  the  sample  and  is  displayed  on  the  recorder  as  a function  of  wavelength.  * 

The  sample  holder  rotates  to  provide  variations  in  angle  0. 

Data  are  recorded  on  a stripchart  recorder.  This  chart  is  read  at  closely  spaced 
wavelength  intervals  {reflectance  versus  wavelength)  and  the  digital  data  transferred 
to  punched  cards  for  computer  processing.  A computer  routine  processes  the  data  to 
provide  the  solar  reflectance  based  on  lue  Air  Mass  Zero  Solar  Spectral  Irradiance, 
as  per  A STM  E 490-73.  An  example  of  a printout  sheet  is  shown  in  Figure  1-2. 

This  figure  also  includes  emittance  u\'c,  which  is  processed  by  computer,  as  describ- 
ed below.  Reflectance  data  are  also  presented  in  graphical  form. 

I he  measurements  of  hemispherical-directional  reflectance  described  below  were 
used  to  compute  the  solar  absorptance  in  the  wavelength  interval  from  0.28  to  2.5  pm, 
using  the  Air  Mass  Zero  Spectral  Irradiance,  as  per  ASTM  E 490-73 

The  data  will  be  digitized  for  computation  of  solar  absorptance,  using  the  following 
formula: 

2.5 

/ <l  - V Ex  dA 

0.28 

°s  2.5 

/ ExdA 

0.28 

where  p = the  measured  directional  reflectance 

A 

Ka  = the  Air  Mass  Zero  Solar  Spectral  Irradiance 


• Tiir  hemispherical -directional  reflectance  is  actually  measured.  The  numerical  val- 
vnlue  of  this  reflectance  is  identical  to  the  desired  directional -hemispherical  emittance. 
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EXPERIMENTAL  DIRECTION  AL- HEMISPHERICAL  REFLECTANCE 
FROM  2.0  to  30  MM  AND  CALCULATION  OF  THERMAL  EMITTANCE 


Reflectances  of  candidate  samples  were  determined  from  2.0  to  30  in  using  the  Con- 
Viiir  Division  ellipsoidal  refleetometer.  Thus,  solar  reflectance  data  are  provided  be- 
tween 0.2a  and  30am.  Directional  thermal  omittance  as  a function  of  wavelength  e-^ 
was  derived  from  the  directional -hemispherical*  reflectance  as  a function  of  wave- 
length p using  the  relationship: 

A 

p ♦ e 1 

Data  was  processed  by  computer  subroutine  to  provide  thermal  emittance  at  300K  (and 
other  temperatures),  see  Figure  1-2.  Data  presentation  was  both  graphical  and  tabular. 

The  essential  features  of  the  optical  system  may  be  understood  by  referring  to  Figure 
II- 1.  The  pyrex  ellispoid  has  a highly  polished  inner  surface  upon  which  a film  of  alum- 
inum has  been  evaporated.  It  has  a .-emi-maj^r  axis  of  6 inches  and  a semi-minor  axis 
of  5.910  inches,  with  foci  2 inches  apart.  The  source  is  placed  on  the  semi-major  axis 
with  its  center  at  one  focus;  the  sample  is  '•entered  at  the  other  focus,  as  shown  in  Fig- 
ure II- 1.  The  focusing  characteristics  of  the  eLlipsoid  are  such  that  a point  source  of 
light  emanating  from  one  focus  is  imaged  at  the  other.  Using  a properly  sized  radia- 
tion source,  the  sample  is  uniformly  irradiated  over  a hemisphere  of  2ir  sr. 

The  source  system  — including  the  source,  ellipsoid,  sample  holder,  and  chopper  — 
form  an  integral  unit  that  is  designated  to  rotate  about  an  axis  through  the  center  of  the 
sample,  as  shown  in  Figures  II- 1 and  II-2.  The  light-gathering  and  transfer  optics,  con- 
sisting of  a small  overhead  mirror  (Ml)  and  subsequent  mirrors  (M2,  M3  and  M4),  are 
fixed  and  do  not  rotate.  Mirrors  Ml  and  M2  are  held  in  position  by  a bracket  that  anch- 
ors into  the  central  tee,  to  which  the  vacuum  pump  is  attached.  For  making  routine 
near-normal  measurements,  as  required  in  this  work,  the  ellipse  rotation  is  set  as 
shown  in  Figure  II- 1.  The  overhead  mirror  (Ml)  views  the  sample  from  10  degrees  off 
norma'.  To  obtain  the  100%  datum  (see  Figure  1.  1),  the  sample  is  removed  from  its 
position  at  one  of  the  foci  and  the  ellipse  is  rotated  so  that  the  small  overhead  mirror 
(Ml)  receives  the  full  radiation  incident  on  the  sample  position  (but  with  the  sample  re- 
moved), thus  providing  a system  for  true  absolute  measurements. 

Measurements  of  directional-hemispherical  reflectance*  were  made  on  two  samples  of 
each  of  the  four  selected  designs,  and  repeated  on  two  samples  each  of  the  best  two  de- 
signs. The  measurements  were  made  over  the  wavelength  interval  2.0  to  30. 0 pm.  These 

The  hemispherical  directional  reflectance  is  actually  measured.  The  numerical  val- 
ue of  this  reflectance  is  identical  to  the  directional-hemispherical  reflectance  used  to 
compute  the  directional  thermal  emittance. 

II- 1 
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Figure  [I-l.  Source,  Sample,  and  Hemi- Kllipsoid  Arrangement 


Figure  II-2.  Optical  Schematic  of  Ellipsoidal  Reflectometer 


data  vv'  re  digitized  and  combined  with  0.  28  to  2.  5 micron  data  for  computation  of 
thermal  omittance,  using  the  formula: 


30 

f i1  - *V  %\  <30°) dx 

0.28 


300 


r 


0.28 


e (300)  d\ 

DA 


where  p = the  measured  directional-hemispherical  reflectance 
\ 


e,  = the  Planck  blackbody  radiation  function 
bA 


ri-3 
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BIDIRECTIONAL  REFLECTANCE 
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Bidirectional  reflectance  measurements  were  made  on  two  samples  of  each  of  the  four 
selected  designs.  The  measurements  were  made  at  0.5  micron.  Reflectance  mea- 
surements were  made  at  eight  elevation  angles  for  each  of  12  azimuth  angles,  repeat- 
ed ldr  each  of  three  incident  elevation  angles.  The  measurements  were  repeated  for 
at  least  one  other  incident  azimuth  angle,  when  dictated  by  the  nature  of  the  sample 
surface;  i.e. , if  the  surface  was  nonisotropic.  The  bidirectional  reflectance  p(g,  q>, 
O',  0')  of  the  selected  candidate  samples  (Figure  III- 1)  were  determined  on  an  absolute 
basis.  Data  is  provided  in  tabular  form  (ERAS  format)  and  in  a pictorial  representa- 
tion for  easy  visualization  of  performance.  % 


z reflecteo  beam 


Figure  III—  1.  Definition  of  Bidirectional  Reflectance  Angles 

For  the  work  of  this  project,  a 100-watt  Xenon  arc  lamp  was  used  with  the  photomulti- 
plier detector.  As  shown  in  Figure  III-2,  a chopper  interrupts  the  incident  radiation 
to  provide  an  a-c  signal  for  the  detector  system  to  detect  and  record.  The  chopping 
frequency  is  1,000  Hz  and  a Princeton  Applied  Research  amplifier  is  used.  The  data, 
recorded  on  a Hewlett  Packard  Dymec  recorder,  is  taken  in  such  a sequence  that  the 
paper  tape  from  the  Dymec  recorder  may  be  processed  on  the  computer  to  give  a com- 
putation of  the  data  in  the  ERAS  format.  Light  dispersion  is  provided  with  thin-film 
interference  filters.  Angular  divergence  of  the  rays  within  the  beam  is  controlled  by 
an  aperture  in  front  of  the  source  and  in  front  of  the  photomultiplier  tube,  as  shown  in 
Figure  II- 1 (Annex  II).  The  source  unit  can  be  adjusted  continuously  over  the  polar 
angle  0 = 0 to  88  degrees  and  the  azimuthal  angle  of  the  source  can  be  varied  from  0 

!to  360  degrees  by  rotating  the  sample.  The  detector  position  is  similarly  variable 
over  similar  angles;  i.e.,  polar  0 to  88  degrees,  and  azimuth  0 to  360  degrees. 
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Figure  III-2.  Bidirectional  Reflectance  Apparatus 

Bidirectional  reflectance  in  this  program  is  required  in  absolute  terms;  i.  e. , as  the 
fraction  of  the  incident  energy  scattered  into  a given  solid  angle.  To  meet  this  require- 
ment, measurements  were  made  of  the  total  reflectance  (directional  reflectance)  of  the 
sample  as  a function  of  incident  angle.  Bidirectional  reflectance  measurements  were 
made  at  set  intervals  in  the  2v  sr  hemisphere  over  the  sample.  These  measurements, 
taken  on  a relative  basis  (i.e. , for  a given  incidence  angle,  the  reflected  energy  at 
any  particular  angle  is  compared  to  the  energy  reflected  at  the  specular  angle),  are 
then  equated  to  the  total  reflectance  as  determined  by  measurement  of  the  directional 
reflectance.  This  method  eliminates  the  difficulties  and  uncertainties  associated  with 
the  measurement  of  the  solid  angle  of  the  detector  system. 

Data  are  provided  in  computer  printout  form  in  the  ERAS  format  and  also  in  a "pictor- 
ial" form  for  easy  visualization,  as  illustrated  in  Figure  III— 3.  This  latter  "picture" 
is  obtained  directly  from  the  computer-generated  tabulation,  using  the  Stromberg 
Carlson  SC-4020  printer  and  the  Convair  Division  Computer  Laboratory. 

Bidirectional  data  reduction  was  accomplished  in  the  following  manner: 

1.  Punched  paper  tape  from  the  digital  data  acquisition  system  (HP  Dymec)  was  pro- 
cessed to  magnetic  tape  by  a SDC  930  computer. 

2.  Magnetic  tape  processed  to  raw  data  cards  for  CDC  6400. 
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Figure  HI— 3.  Representation  of  Bidirectional  Reflectance 
Data  (Angles  Defined  in  Figure  m-1) 


Raw  data  cards  listed  and  edited  by  directional  data  block. 

Bidirectional  data  reduction  Program  5062  used  to  integrate  actual  values  of  bi- 
directional reflectance. 

Formatting  programs  (CDC  6400)  used  to  produce  data  blocks  for  use  by  other 
codes  and  plotted  output  (SC  4020,  Charactron). 
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TEST  PLAN  - SECOND  SURFACE  MIRRORS 


ANNEX  IV 

TEST  PLAN  - SECOND  SURFACE  MIRRORS 


SAMPLE  FABRICATION 

Consistent  with  the  contractual  requirements  eight  samples  of  each  of  four  designs 
selected  by  SAMSO  were  fabricated. 

OPTICAL  MEASUREMENTS 

Two  samples  of  each  of  the  four  designs  were  tested  for  optical  performance.  The 
measurements  consisted  of  spectral  measurements  of  directional  reflectance  from 
0.  28  to  30. 0 microns  and  bidirectional  reflectance  at  0.  5 micron.  The  directional 
data  was  digitized  and  integrated  for  solar  absorptance  from  0.28  to  2.5  microns, 
using  the  Air  Mass  Zero  Solar  Spectral  Irradiance  as  per  A STM  E 490-73.  Thermal 
emittance  was  derived  from  the  directional  reflectance  data  recorded  from  2.0  to 
30.  0/zm. 

Bidirectional  data  was  digitized  and  normalized  to  the  directional  data.  The  normal- 
ized bidirectional  data  was  plotted  in  units  of  sr-1  as  a function  of  incidence  angle 
(nominally  elevation  angle;  also  the  azimuth  angle,  if  required  by  the  nature  of  the 
shaped  surface)  and  reflected  angle  (elevation  and  azimuth). 

All  data  was  reduced  to  the  ERAS  format  to  facilitate  use  by  the  Air  Force  and  quali- 
fied contractors. 


Detailed  descriptions  of  apparatus  and  procedures  for  the  determination  of  directional 
reflectance  from  0.28  to  2.5/am,  directional  reflectance  from  2.0  to  30 /am,  and  bi- 
directional reflectance  at  0.5 /am  are  discussed  in  detail  in  Annexes  I,  II  and  III. 

MIL  SPECIFICATIONS  TESTS 


Testing  to  MIL  specifications  for  appearance,  coating  adherence,  humidity  resistance, 
hardeners,  and  thermal  cycling  were  performed  on  two  samples  of  each  of  the  four 
selected  designs.  The  tests  performed  were  as  follows. 

Appearance.  The  coatings  were  observed  by  the  unaided  eye.  The  coated  surface 
gave  the  appearance  of  uniform  coverage.  The  uncoated  surface  was  free  of  all  metal 
deposition  and  other  contaminations.  The  overcoated  back  surface  had  a distinct  color 
when  viewed  in  white  light. 
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Coating  Adherence.  The  specimens  were  immersed  in  boiling  distilled  water  for  five 
minutes.  The  adherence  test  of  Mil -M-  13508B,  Paragraph  4.4.6,  was  then  performed 
by  firmly  pressing  tape  conforming  to  LT-90-C  against  the  coated  surface  and  pulling 
it  down  over  the  edges  of  the  specimen.  The  tape  was  then  removed  slowly. 

Upon  recommendation  of  the  Program  Review  Board,  on  3 May  1974,  this  adherence 
test  was  performed  before  and  after  the  samples  had  been  subjected  to  the  tests  that 
follow,  to  ensure  the  adherence  of  tne  coatings  after  these  had  been  subjected  to  the 
extreme  conditions  implied  by  the  hardness,  and  humidity  resistance  tests,  as  well  as 
the  thermal  cycling. 


Humidity  Resistance.  The  specimens  were  subjected  to  humidity  greater  than  95%  at 
a temperature  of  120  +4F  for  24  hours  in  a thermostatically  controlled  chamber  approxi- 
mately 3x3x3  feet,  in  accordance  with  MIL-C-675A,  Paragraph  4.6.9. 

Coating  Hardness.  The  specimens  were  rubbed  with  a piece  of  clean,  dry-laundered 
cheese  cloth,  conforming  to  CCC-C-271,  and  approximately  3/8-in.  in  diameter  and 
l/2-in.  thick,  a number  of  strokes  while  on  the  platform  of  a triple  beam  balance  set 
for  one  pound.  Keeping  the  platform  depressed  during  rubbing  ensured  one-pound 
minimum  force  as  specified  in  MIL-M-13508B,  Paragraph  4.4.5.  As  this  test  was 
originally  designed  for  a smooth  mirror  surface,  rather  than  a rough  reflecting  one, 
a note  was  made  as  to  how  may  strokes,  if  less  than  50,  were  required  to  damage  the 
surface. 

Thermal  Cycling.  The  specimens  were  subjected  to  three  cycles  consisting  of  (1)  low- 
ering the  temperature  from  ambient  to  -130  ±5C  (-202  ±9F),  (2)  a dwell  of  30  minutes, 
(3)  raising  the  temperature  to  +85  +5C  (185  +9F),  (4)  a dwell  of  30  minutes,  and  (5)  re- 
turn to  ambient.  The  rate  of  temperature  change  was  not  less  than  2C  (3. 6F)  per  min- 
ute. The  control  of  the  temperature  at  this  rate  was  achieved  by  means  of  specifically 
built  plastic  or  cardboard  cams  that  controlled  the  switching  on  and  off  of  the  heating/ 
cooling  equipment.  Cams  were  readily  available  for  a cooling  rate  of  5°F/ min  and 
T’F/min  for  heating. 


Coolin,,  was  accomplished  by  liquid  nitrogen  entering  the  approximately  3x3x3  foot 
chamber  and  provided  a nitrogen  atmosphere  inside  the  chamber.  During  heating,  a 
dry  nitrogen  purge  was  applied  until  the  chamber  was  above  the  dew  point;  thus,  con- 
densation did  not  form  on  the  specimens. 

PROOF  OF  REPRODUCIBILITY  OF  TESTING 

Upon  completion  of  the  test  phase  of  the  program,  a reproducibility  check  was  made 
on  the  two  best  designs.  Following  the  procedure  documented  during  the  fabrication 
phase,  two  samples  of  each  type  were  fabricated  and  tested  for  optical  performance. 
This  check  served  both  to  demonstrate  the  reproducibility  of  the  mirror  designs  and 
to  verify  the  adequacy  and  reproducibility  of  the  different  tests. 
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DOCUMENTATION  OF  THE  TESTS 


Documentation  of  requirements  testing  was  provided.  The  documentation  included  ob- 
jectives, the  approved  test  plans,  a description  of  test  equipment,  and  detailed  test 
results. 
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ANNEX  V 


HEMISPHERICAL-DIRECTIONAL  REFLECTANCE 
0.3  TO  7.0  (im 


This  annex  presents  the  hemispherical-directional  (near  normal) 
reflectance  of  the  samples  in  digital  form.  Wavelength  in  micro- 
meters is  listed  against  reflectance  from  0.3  pm  to  7.0  pm. 
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ANNEX  VI 

DIRECTIONAL-HEMISPHERICAL  REFLECTANCE 
ERAS  FORMAT 


This  annex  presents  the  directional-hemispherical  reflectance 
for  the  samples  in  the  ERAS  format.  Wavelength  in  micro- 
meters is  listed  against  reflectance  from  0. 3 pm  to  29  pm. 
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ANNEX  VII 

DIRECTIONAL-HEMISPHERICAL  REFLECTANCE,  AND  DIRECTIONAL 
EMITTANCE  2.5  TO  30  pm  AND  200  TO  700° K 


This  table  presents  the  directional  (near  normal)  hemispherical 
reflectance  as  a function  of  wavelength  (column  headed  RHO)  and 
the  directional  (near  norn  :>1)  emitia.  ce  as  a function  of  wave- 
length (column  headed  E),  and  the  near-normal  emittance  as  a 
function  of  temperature  from  20C  to  700gK. 
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ANNEX  VIII 


DIRECTIONAL-HEMISPHERICAL  REFLECTANCE 
(U.V.,  VIS,  NEAR  I.R. ) 


This  annex  provides  a graphical  presentation  of  the  directional- 
hemispherical  reflectance  from  0. 28  to  29  pm. 


PERCENT  REFLECTANCE  F03353001 


too. 


PERCENT  REFLECTANCE  F03353C01 


A 


100. 


FIGURE  VIII-2.  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE  (l.R.) 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  1.5  HOURS  HF  ETCH,  NON-ENHANCED  SILVER 


VIII-2 

L 


too. 


FIGURE  VIII-3.  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE 
(U.  V. , VIS.,  NEAR  I.R. ) 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.  5 HOURS  HF  ETCH,  NON-ENHANCED  SILVER 


''III -3 


PERCENT  REFLECTANCE  F03352001 


100. 


FIGURE  VIII -4.  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE  (I.R.) 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.5  HOURS  HF  ETCH,  NON-ENHANCED  SILVER 


VIII -1* 


PERCENT  REFLECTANCE  F03354001 


too. 
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FIGURE  VIII— 5.  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE 
(U.V. , VIS.,  NEAR  I.R.) 

FUSED  SILICA  GROUND  FRONT  30  MICRON  GRIT, 

BACK  POLISHED,  0.  S HOURS  HF  ETCH,  NONENHANCED  SILVER 
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FIGURE  VIII-6.  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE  (l.R.) 

FUSED  SILICA  GROUND  FRONT  30  MICRON  GRIT, 

BACK  POLISHED,  0.  5 HOURS  HF  ETCH,  NONENHANCED  SILVER 


VIII-6 


PERCENT  REFLECTANCE  F03353002 


100. 
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WAVELENGTH-MICRONS 

FIGURE  VIII— 7.  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE 
(U.V.,  VIS. , NEAR  I.R.) 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRiT,  BACK 
9 MICRON  GRIT,  I.  5 HOURS  HF  ETCH,  ENHA NC ED  SILVER 


PERCENT  REFLECTANCE  F0335 


FIGURE  VIII-8.  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE  (I.R.) 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK 
9 MICRON  GRIT,  1.  5 HOURS  HF  ETCH,  ENHANCED  SILVER 
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PERCENT  REFLECTANCE  F03352002 
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FIGURE  V III— 9.  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE 
(U.V.,  VIS.,  NEAR  I.R.) 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  Z.  5 HOURS  HF  ETCH,  ENHANCED  SILVER 
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PERCENT  REFLECTANCE  F03352002 


PERCENT  REFLECTANCE  F03354002 
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FIGURE  VIII- 11.  DIRECTIONAL- HEMISPHERICAL  REFLECTANCE 
(U.V.,  VIS.,  NEAR  I.R.) 

FUSED  SILICA  GROUND  FRONT  30  MICRON  GRIT, 

BACK  POLISHED,  0.  5 HOURS  HF  ETCH,  ENHANCED  SILVER 
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PERCENT  REFLECTANCE  F03355001 
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FIGURE  VIII- 13.  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE 
(U.V.,  VIS.,  NEAR  I.R.) 

FEP  TEFIjON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  ')  MICRON 
ROUGH FNr..D.  BOTH  PLATES  V.  83  HOURS  IIF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAHL 
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PERCENT  REFLECTANCE  F03355002 


FIGURE  VIII- 15.  DIRECTIONAL-HEMISPHERICAL  REFLECTANCE 
<U.  V. , VIS.,  NEAR  I.  R. ) 

FEP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAHL 
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PERCENT  REFLECTANCE  F03355002 
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100. 


FEP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  i-LATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAHL 
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ANNEX  IX 


BIDIRECTIONAL  REFLECTANCE 


This  annex  provides  graphs  of  the  bidirectional  reflectance  in  both 
two  and  three  dimensional  form  at  0.  5 pm.  Angles  are  defined  in 
Figure  III- 1 of  Annex  III. 


RHO.  BIDIRECTIONAL  REFLECTANCE  Cl/STER 


THETAP,  SENSOR  ANGLE  FROM  ZENITH  COEG.) 
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FIGURE  DC -l  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  1.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  xx-p  bidirectional  reflectance 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  1.5  HOURS  HF  ETCH,  NON-ENHANCED  SILVER 
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FIGURE  IX-?  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  1.5  HOURS  HF  ETCH,  NON-  ENHANCED  SILVER 


fcl-WSXmC' ~~  REFvJQEIlvYtt 

o.o  \.o  2.0  vo  vo  s.o  t 


.5  MICRONS 


THETR-40  DEGREES 


o i 

il 


FIGURE  -h  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  1.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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THETAP,  SENSOR  ANGLE  FROM  ZENITH  CDEG.) 

FIGURE  t>'_  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  1.  S HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  IX-6  BIDIRECTIONAL  REFLECTANCE 


FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  1.5  HOURS  IIF  ETCH,  NON- ENHANCED  SILVER 


RHG,  BIDIRECTIONAL  REFLECTANCE  Cl/STER. 


FIGURE  IX-7  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  1.  5 HOURS  HF  ETCH,  NON- ENHANC ED  SILVER 
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FIGURE  IX -8  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  1.  5 HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  T7-  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.  5 HOURS  HF  ETCH,  NON- ENHANCED  SILVER 


- .-1C 


THETA=40.0  PHI=  0.0  LAMBDA 


B 


■■■■ESS 


1 

1 

p 

■SgRanann 


■in 

8s:e:;s:::es 


ill 


jfiSSs! 


thetap,  sensor  angle  from  zenith  cdeg.j 


FIGURE  IX-U  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  F RONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.5  HOURS  HF  ETCH,  NON- ENHANC ED  SILV ER 
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FIGURE  ix-12  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.5  HOURS  HF  ETCH,  NON-  ENHANCED  SILV  ER 


RMO,  BIDIRECTIONAL  REFLECTANCE  Cl/STER 
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FIGURE  IX-13  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  IX-lU  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  i MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 


RHO.  BIDIRECTIONAL  REFLECTANCE  Cl/STER 
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FIGURE  IX -15  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  IX-16  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 


RHO,  BIDIRECTIONAL  REFLECTANCE  CI/STER 
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FIGURE  IX-18  BIDIRECTIONAL.  REFLECTANCE 

QUARTZ  GROUND  FRONT  30  MICRON  GRIT,  BACK 
POLISHED,  0.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  DC-19  BIDIRECTIONAL  REFLECTANCE 

QUARTZ  GROUND  FRONT  30  MICRON  GRIT,  BACK 
POLISHED,  0.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  ix -20  BIDIRECTIONAL  REFLECTANCE 

QUARTZ  GROUND  FRONT  30  MICRON  GRIT,  BACK 
POLISHED,  0.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  IX-?]  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  .10  MICRON  GRIT,  BACK 
POLISHED,  0.  5 HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  DC-2?  BIDIRECTIONAL  REFLECTANCE 

FUSKD  SILICA  GROUND  FRONT  30  MICRON  GRIT,  BACK 
POLISHED,  0.  5 HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  DC-23  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  30  MICRON  GRIT,  BACK 
POLISHED,  0.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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FIGURE  IX-2U  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  30  MICRON  GRIT,  BACK 
POLISHED,  0.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 


thetap,  sensor  angle  from  zenith  COEG.) 


FIGURE  IX -25  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  30  MICRON  GRIT,  BACK 
POLISHED,  0.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 


5 MICRONS 
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FIG  UR  2 IX -26  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  30  MICRON  GRIT,  BACK 
POLISHED,  0.5  HOURS  HF  ETCH,  NON- ENHANCED  SILVER 
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T h e r a p , sensor  angle  from  zenith  cdeg.3 

FIGURE  DC-27  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  ^ MICRON  GRiT,  BACK 
9 MICRON  GRIT,  1.  5 HOURS  HF  ETCH,  ENHANCED  SILVER 


IX -27 


5 MICRONS 
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FIGURE  IX -28  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK 
9 MICRON  GRIT,  1 . 5 HOURS  HF  ETCH,  ENHANCED  SI LV  ER 


FIGURE  IX-29  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK 
9 MICRON  GRIT,  1.5  HOURS  HF  ETCH,  ENHANCED  SILV ER 
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FIGURE  IX-V.  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK 
9 MICRON  GRIT,  1.5  HOURS  I IF  ETCH,  ENHANCED  SILVER 


ThETAP,  sensor  angle  from  zenith  coeg.d 

FIGURE  EX-31  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK 
9 MICRON  GRIT,  1.  5 HOURS  IIF  ETCH,  ENTLXNCED  SILVER 
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FIGURE  IX -32  BIDIRECTIONAL  REFLECTANCE 


FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK 
9 MICRON  GRIT,  1.  5 HOURS  HF  ETCH,  ENHANCED  SILV ER 


THETA=75.0  PHl=  0.0  LAMBDA=  .500 


SENSOR  ANGLE  FROM  ZENITH  CDEG.) 


FIGURE  TX-3?  BIDIRECTIONAL  REFLECTANCE 


FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK 
9 MICRON  GRIT,  1.5  HOURS  HE  ETCH,  ENHANCED  SILVER 
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FIGURE  VA-'h  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK 
9 MICRON  GRIT,  1.5  HOURS  HF  ETCH,  E NHA NC E D SILVER 
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IHETAP,  SENSOR  ANGLE  FROM  ZENITH  (DEG.) 

FIGURE  IX- 37  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.  5 HOURS  HF  ETCH,  ENHANCED  SILVER 
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FIGURE  IX- 38  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.  5 HOURS  HF  ETCH,  ENHANCED  SILVER 


T H E T A P , SENSOR  ANGLE  FROM  ZENITH  COEG.D 

FIGURE  DC-39  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.5  HOURS  HF  ETCH,  ENHANCED  SILVER 


DIRECTIONAL  REFLECTAN 


FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.5  HOURS  IIF  ETCH,  ENHANCED  SILVER 
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FIGURE  IX-U2  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  3 MICRON  GRIT,  BACK  9 MICRON 
GRIT,  2.5  HOURS  HF  ETCH,  ENHANCED  SILVER 
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THETAP,  sensor  ANGLE  from  ZENITH  COEG.) 


FIGURE  IX-U3  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  QUARTZ  GROUND  FRONT  30  MICRON 
GRIT,  BACK  POLISHED,  0.5  HOURS  HF  ETCH,  ENHANCED  SILVER 
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FIGURE  IX -U  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  .10  MICRON 
GRIT,  BACK  POLISHED,  0.  5 HOURS  HF  ETCH,  ENHANCED  SILVER 
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FIGURE  ::x-u  BIDIRECTIONAL  REFLECTANCE 


FUSED  SILICA  GROUND  FRONT  30  MICRON 
GRIT,  BACK  POLISHED,  0.5  HOURS  HF  ETCH,  ENHANCED  SILV ER 
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FIGURE  IX-U6  BIDIRECTIONAL  REFLECTANCE 


FUSED  SILICA  GROUND  FRONT  SO  MICRON 
GRIT,  BACK  POLISHED,  0.5  HOURS  HF  ETCH,  ENHANCED  SILV ER 


0.0  LAMBDA 
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FIGURE  DC-1.7  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  30  MICRON 
GRIT,  BACK  POLISHED,  0.5  HOURS  HF  ETCH,  ENHANCED  SILVER 
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FIGURE  rx-li0  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  30  MICRON 
GRIT,  BACK  POLISHED,  0.5  HOURS  HF  ETCH,  ENHANCED  SILVER 
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THETAP,  sensor  angle  from  ZENITH  COEG.3 

FIGURE  IX-Lo  BIDIRECTIONAL  REFLECTANCE 

FUSED  SILICA  GROUND  FRONT  30  MICRON 
GRIT,  BACK  POLISHED,  0.5  HOURS  HF  ETCH,  ENHANCED  SH  VER 
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FIGURE  IX-rf  BIDIRECTIONAL  REFLECTANCE 

FUSKD  SILICA  GROUND  FRONT  30  MICRON 
GRIT,  BACK  POLISHED,  0.5  HOURS  HF  ETCH,  ENHANCED  SILVER 
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FIGURE  IX-51  BIDIRECTIONAL  REFLECTANCE 

FEP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE, 
SILVERED  BY  SHELDAHL 
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FIGURE  DC-52  BIDIRECTIONAL  REFLECTANCE 

FEP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAHL 
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FIGURE  DC-53  BIDIRECTIONAL  REFLECTANCE 

FED  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAHL 
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THETAP,  sensor  angle  from  zenith  cdeg.d 


FIGURE  IX-5U  BIDIRECTIONAL  REFLECTANCE 

FEP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAHL 
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FIGURE  IX-55  BIDIRECTIONAL  REFLECTANCE 


FEE  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAHL 
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FIGURE  > BIDIRECTIONAL  REFLECTANCE 


FKP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  P1ATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAHI, 
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FIGURE  D(-57  BIDIRECTIONAL  REFLECTANCE 

FEP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAHL 
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THETAP,  sensor  angle  from  ZENITH  COEG.) 

FIGURE  DC-58  BIDIRECTIONAL  REFLECTANCE 

FEP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAnL 
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thetap,  sensor  angle  from  zenith  COEG.D 

FIGURE  IX-  BIDIRECTIONAL  REFLECTANCE 

FEP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  LOTH  PLATES  0.8.5  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAI'L 
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FIGURE  I X-6C  BIDIRECTIONAL  REFLECTANCE 

F I' 0 TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SlIELDAHL 
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FIGURE  IX-62  BIDIRECTIONAL  REFLECTANCE 

FEP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SIIELDAHL 
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FIGURE  IX-63  BIDIRECTIONAL  REFLECTANCE 


FEP  TEFI.ON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SUIN'  \CE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAIIL 
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FIGURE  1X-6Ji  BIDIRECTIONAL  REFLECTANCE 

FEP  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRuNT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0.  83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SHELDAHL 
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THETAP,  sensor  ANGLE  from  ZENITH  COEG.) 


FIGURE  IX -65  BIDIRECTIONAL  REFLECTANCE 

FED  TEFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0 83  HOURS  HF  ETC1!  SECOND  SURFACE 
SILVERED  LY  SHELDAIIL 
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FIGURE  .DC -66  BIDIRECTIONAL  REFLECTANCE 

FLT'  i EFLON  PRESSED  BETWEEN  ROUGHENED  FUSED  SILICA  PLATES. 
FRONT  SURFACE  3 MICRON  ROUGHENED  SECOND  SURFACE  9 MICRON 
ROUGHENED.  BOTH  PLATES  0 83  HOURS  HF  ETCH  SECOND  SURFACE 
SILVERED  BY  SH El  DAHL 
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ANNEX  X 

THEORY  AND  COMPUTER  PROGRAMS  FOR  SUBSTRATE  DESIGN 
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THKORY  AND  COMPUTER  PK<  « .RAMS  FOR  SUBSTRATE  DESIGN 


l or  purposes  of  theoretical  prediction  of  performance,  it  was  assumed  that  the  pattern 
would  have  an  average  or  characteristic  linear  dimension,  referred  to  as  a "patterm 
wave  length"  (\p)  and  an  associated  amplitude  (-Ntp).  Leaving  aside  for  the  moment 
consideration  of  the  actual  shape  of  the  contour,  some  simple  considerations  constrain 
\ 3 and  At  . The  pattern  must  be  coarse  enough  to  scatter  the  light.  A \p  at  least 
twenty  times  greater  than  5000  A was  assumed  satisfactory.  Acceptable  amplitudes 
are  limited  by  consideration  of  wafer  thickness;  pattern  waves  should  not  significantly 
weaken  the  wafer.  It  was  assumed  that  an  amplitude  of  up  to  5%  of  the  wafer  thickness 
on  each  side  of  the  wafer  (total  10%  or  0.001  in.)  would  be  acceptable.  Within  these 
constraints,  a quite  satisfactory  contouring  was  found  to  be  possible. 

The  two  ray-tracing  computer  programs  described  below  were  used  to  assist  in  pre- 
dicting the  performance  of  conceived  contours.  Program  I was  relatively  simple.  It 
treated  only  a two-dimensional  example  of  simple  regular  curves.  It  was  useful  to 
determine  the  relative  performance  of  surface  contours  rather  than  absolute  perform- 
ance. Program  II,  an  extension  of  Program  I,  was  completely  general,  capable  of 
treating  three-dimensional  configurations  and  thus  theoretically  suitable  to  predict  ab- 
solute performance. 

PROGRAM  I.  This  program  was  applied  to  second  surface  mirror  designs  with  a flat 
back  surface  and  a top  surface  shaped  in  two  ways:  (1)  as  a sinusoidally  varying  sur- 
face, and  (2)  as  a conchoidal  surface.  Ihe  two-dimensional  profiles  are  shown  in 
Figure  X-l.  Several  computer  runs  were  made  to  elucidate  which  of  the  two  profiles 
was  more  effective  in  producing  a high-n  flectanct  diffuse  surface. 

The  program  traced  a set  of  parallel  rays  at  a given  incident  angle.  The  angle  of  the 
envelope  (A j3  see  insert,  Figure  X-3)  of  the  emergent  rays  was  a measure  of  the  dif-- 
lusen  ss.  By  changing  the  ratio  of  the  amplitude  of  the  surface  variation  to  its  wave- 
length, the  effect  of  the  shape  on  the  diffuseness  was  determined.  The  angle  of  inci- 
dence vi a ^ varied  to  provide  data  on  scattering  performance  as  a function  of  angle. 

Ihe  ratio  <>f  the  pattern  wavelength  to  the  pattern  amplitude  ftp/Atp)  is  an  important 
parameter  of  the  surface.  A moderate  value  of  this  parameter  is  needed;  too  large  a 
value  would  not  produce  enough  scattering  of  the  reflected  rays;  too  small  a value  will 
introduce  too  many  internal  reflections  which  lower  the  reflectance. 

The  results  may  be  plotted  in  different  ways.  Figure  X-2  shows  the  maximum  fraction 
of  rays  reflected  into  a fan  of  one  degree,  as  a function  of  the  ratio  Xp/Atp.  It  is  seen 
that  the  conchoidal  shape  gives  the  better  performance;  a low  percentage  of  rays  con- 
tained in  one  degree  at  moderately  high  Xp/Atp.  The  numbers  0",  22°,  45°  refer  to 
the  angle  of  incidence,  a,  of  the  incident  rays. 


Figure  X-3  shows  the  total  scattering  angle  of  the  reflected  rays  as  a function  of 
Ap/^tp.  Again  the  conchoidal  surface  gives  the  better  results,  i.e. , larger  .a/}  at 
moderate  Ap/AU}  values. 


Figure  X-4  shows  the  fraction  of  rays  that  get  internally  reflected  as  a function  of 


Ap/Atp.  Once  again  at  moderate  Ap/Atp  values, 
detrimental  in  reducing  the  reflectance. 


the  conchoidal  surface  is  the  less 


This  computer  program  was  extended  to  deal  with  the  profile  shown  in  Figure  X-5, 
i.  e. , a conchoidal  shape  with  the  cusps  pointing  down.  This  is  important  because  the 
surfaces  resulting  from  the  process  of  grinding  and  subsequent  HF  etching  will  have  a 
cross-section,  as  shown  in  Figure  X-6:  the  conchoidal  profile  will  have  the  cusps 
pointing  up  in  the  surface  receiving  the  incident  light,  and  the  cusps  will  be  pointing 
down  on  the  surface  which  acts  as  reflector  (bottom  surface). 

As  before,  the  profile  used  on  the  computer  program  is  periodic  because  it  is  simpler 
to  analyze  and  prescribe  in  the  computer  and  it  corresponds  to  the  worst  case  as  far 
as  diffuseness  is  concerned.  Any  deviation  from  this  periodicity  and  regularity  will 
improve  the  diffuseness  of  the  surface. 

Surprisingly,  the  results  were  practically  identical  to  those  obtained  with  the  same 
profile  upside  down  and  described  above.  Apparently,  it  is  the  form  of  the  profile  and 
not  its  orientation  as  a whole  that  is  important. 

PROGRAM  II.  Program  II  is  a very  general  three-dimensional  program.  It  accepts 
as  inputs; 

• The  mathematical  descriptions  of  the  front  and  back  surfaces 

• Wafer  thickness 

• Material  properties:  index  of  refraction,  reflectance,  etc. 

• Angle  of  incidence  of  the  light 

The  program  traces  101  parallel  rays  incident  at  the  input  angle.  The  first  encounter 
is  with  the  front  surface  of  the  wafer  where  the  rays  are  refracted  and  enter  the  mir- 
ror material  (see  Figure  X-7  for  two-dimensional  representation).  After  refraction 
at  the  front  surface,  the  rays  travel  in  a straight  line  to  the  back  surface.  At  the  back 
surface  they  are  reflected  from  the  silver  second  surface  and  travel  to  the  front  sur- 
face where  they  are  either  refracted  and  pass  out  of  the  wafer,  or  internally  reflected 
and  "iecycled"  and  ultimately  emerge  or  are  absorbed  in  the  wafer  and  do  not  emerge. 

The  program  output  gives.- 


• Angle  of  exitance 

• Minimum  angle  of  refraction 

X-2 
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Figure  X-G.  Profile,  Typical  Surface  Resulting  from  Etching 

• Maximum  angle  of  refraction 

• Cone  angle  of  emerging  rays 

• Number  of  rays  suffering  multiple  reflection 

• Number  of  rays  failing  to  emerge 

This  computer  program  was  developed  late  in  this  project  and  it  was  not  fully  exploited 
since  the  support  level  was  fixed  and  the  priority  requirement  was  a developed  mirror, 
a requirement  which  was  met  by  concentration  on  the  experimental  tasks.  It  was  con- 
cluded that  this  computer  program  would,  however.be  a powerful  tool  for  use  on  simil- 
ar problems,  as  for  example,  the  development  of  a diffuse  solar  cell.  The  entire  cell 
could  be  mathematically  modeled. 

F ive  variations  of  conchoidal  surface  profiles  were  arbitrarily  draw  n,  based  on  the 
photomicrographs  that  had  been  obtained.  T hen  were  arbitrarily  labeled  B , D , E , 

F , a-id  G and  encoded  as  input  data  for  Uc  program.  T he  results  of  the  runs  w hich 
were  performed  are  shown  in  Table  X-l. 


X-6 


r 


Figure  X-7.  Ray-Tracing  of  a Bundle  Through  a Typical  Surface  Profile 
Handled  by  This  Program  (II) 
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Table  X-l.  Fate  of  101  Hays  Incident  on  a Conchoidal  Surface 

Column  heading  explanations  are  as  follows: 

angle  of  incidence  of  101  rays 
angle  of  exitance  of  middle  (#50)  ray 
minimum  angle  of  exitance 
maximum  angle  of  exitance 
no.  of  rays  suffering  multiple  refractions 
no.  of  rays  which  never  exit, 
angular  amplitude  of  fan  of  rays 
thickness  in  mils 

"D"*  Front  Surface  "E"*  Back  Surface 


a 

P 

^min 

Pmax 

A/3 

*o 

m 

1 

0 

-0.27 

-10.39 

lU.67 

25-7 

9-5 

0 

0 

3C 

35.68 

l8.6l 

t+5 . 51 

_ 

26.90 

9.5 

0 

0 

1*5 

50.59 

32.80 

63.16 

30.36 

9-5 

0 

n 

6o 

79.08 

21.56 

83.07 

61.51 

9.5 

1+ 

2 

30 

39.61+ 

17.1+0 

1+6. 1+9 

29.09 

18.6 

0 

0 

6o 

73-12 

1+0.31 

86.38 

1+6.07 

18.6 

2 

6 

30 

2S.86 

15.20 

1+2.80 

27.60 

1+5.8 

0 

0 

6o 

67.59 

22.90 

85.71 

62.81 

1+5.8 

1 

6 

30 

28.96 

15.1+6 

1+7.37 

31.92 

91.0 

0 

0 

6o 

71.97 

19.68 

71.97 

52.29 

91.0 

0 

1+8+ 

^Variations  of  surfaces  shown  in  Figure  X-7. 
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Table  X-l.  Fate  of  101  Rays  Incident  on  a Conchoidal  Surface  (Continued) 
"E"*Front  Surface  "G"*  Back  Surface 


0 ^rnin ^max A/3  tp  m 1 


1 

3.37 

-13.86 

10.95 

24.81 

9.5 

0 

0 

30 

29.2 

14.26 

43.92 

29.66 

9.5 

0 

0 

mi 

48.26 

26.15 

65.57 

39.42 

9-5 

0 

0 

6o 

43.20 

38.24 

80.13 

41.89 

9.5 

3 

4 

30 

- . 

24.82 

12.^9 

45.20 

32. 4l 

18.6 

0 

0 

6o 

63.75 

41.33 

84.10 

42.71 

18.6 

5 

WBM 

30 

33-  7f 

12.90 

warn 

30.65 

45.8 

0 

0 

Efl 

59.2b 

42.63 

78.49 

35-86 

45.8 

0 

2 

■ 

37-50 

17.00 

41.93 

24.93 

91.0 

0 

0 

6o 

45.63 

41.74 

66.74 



25.00 

91.  c 

0 

38+ 

"B"*  Front  Surface  "F"*  Back  Surface 
ft ft  min ftmax  A0  tG  m l 


0 

-6.20 

-21.49 

16.93 

38.42 

9-5 

0 

0 

30 

4i.io 

9.69 

53.05 

43.36 

9.5 

0 

0 

45 

55.06 

22.77 

74.82 

52.04 

9-5 

— m 

0 

0 

60 

77-88 

35-44 

87.86 

52.41 

9.5 

8 

I 

30 

39-41 

8.86 

48.21 

39-35 

18.6 

0 

0 

60 

62°. 35 

-j 

40.69 

/ ■:  1:  V 

18.6 

4 

2 

30 

37.09 



6.55 

51.54 

! 

44.99 

45.8 

0 

0 

60 

1 

31.06 

80.80 

49.84 

45.8 

0 

10 

30 

27.74 

7.01 

46.59 

39.59 

91.0 

m 

0 

60 

54.29 

34.08 

75.04 

4o.96 

— 

91.0 

33+ 

♦Variations  of  surfaces  shown  in  Figure  X-7. 
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